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ABSTRACT 

An investigatian was made of the electramagnetic diainte- 

gration of carban, nitrogen, and oxygen leading to production of 

7     11 
the unstable nuclei Be and C  . Targets of graphite, melamine, 

and uater were bombarded wrth 75-MEU electrons from the Naval Post- 

graduate School linear accelerator. The disintegration fragments 

7 
of interest were counted by detecting their dtdcay activity. Be 

by the if77-Kev gamma ray from its daughter nucleus and C  by the 

511-Kev photons from the annihilation of its emitted positron. 

Electron and photon effecte were separated by interposing an addi- 

tional radiator for one bombardment of a given type of target, 

then repeating with a similar target without the radiator. 

7     11 Radioactive fragments of Be and C  were found in all bom- 

bardments; N  was also found in bombardments of melamine and 

water. Electrodisintegration crons sectons for processes yielding 

C  were found to range from 17.5 ub for carbon down to D.3ub for 

7 oxygen.  The corresponding values for processes yieldir.g Be ranged 

from 1.3 ^.b to O.lif^ab. Integrated photodisintegration cross sec- 

tions were found to be approximately 50 times greater than these. 
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I.  INTRODUCTION 

The investigation of nuclear structure is generally accom- 

plished by permitting energetic radiation from some external 

source to interact with, and perhaps to disintegrate, the nucleus 

in question. Analysis of the distribution of the resulting frag- 

ments can lead to information concerning bath the original 

structure of the target nucleus and the specific interaction 

mechanisms involved. If the projectils particle is of a nuclear 

sort, separation of the two types of information will be vary 

difficult due to our incomplete understanding of specifically 

nuclear interactions. If, however, the primary radiation is of 

electromagnetic nature, as in the experiment to be reported here, 

ws believe the interaction process to be fairly well understood. 

Direct information can then be obtained about the structure of the 

original nucleus alone, providing only that the energy and angle 

distributions of all disintegration fragments can be determined. 

Measurements of the distributions of individual light 

charged particles (proton, deuterons, alpha particles) or of 

neutrons resulting from photodisintegration or electrodisintegra- 

tion processBs have been accomplished by many experimental groups 

|l,2] over the last thirty years. On the other hand, experimental 

information on the distributions of all of the emitted fragments 

from a given diaintegration is relatively sparse, being restricted 

mainly to experiments in which the disintegrations occurred in 

nuclear emulsions [3], The difficulty of measuring all the frag- 

ments in an experimsnt using counters is somewhat greater, both 

because coincidence techniques are required, and because the heavy 

.■ 
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fragments cannot escape from any but the thinnest of targets. As 

a first step in obtaining infürmation concerning the procea&ea 

which result in heavy disintegration fragments, several experi- 

mental groups i^,5\   have measured the end-product radioactivity 

folloLüing bombardment of selected nuclei. The total crusa section 

for production of unstable nuclei as disintegration fragments is 

relatively easily obtained.  It constitutes one of the bits of 

information from which complete knouledge of the angle and energy 

distributions of all the emitted products may acme day be placed. 

In an effort to obtain information about electromagnstic 

interactions with light nuclei, we conducted an experiment at the 

Naval Postgraduate School to measure the total cross sections for 

the photodisintegration and electrodisintegration of carbon, nitro- 

gen, and oxygen in processes leading to the radioactive fragments 

11     7 
C " and Be . Aside from the theoretical interest that attaches to 

interactions with light nuclei, these elements were selected for 

study on the basis of certain practical considerations. Each 

occurs in shielding materials used in the target areas of accel- 

erators and thus constitutes a radioactive source when activated 

by a high-intensity electron beam. The resulting radiation can be 

hazardous if the target area must be entered before the radiation 

has had an opportunity to decay to a safe level.  It was our 

intention to measure the relevant production cross sections in 

order to determine how rapidly such hazardous long-lived activity 

is built up. 

7    11 InteracHoris which lead to the fragments Be or C  may occur 

in a great variety of forms. As examples of possible photodisinte- 

gration processes occurring in the experiment, we might list 

ID 
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016(fl<n)C
11, C^CT.rOC11, 0lß(ir,2c(n)Be7f (^lif(T,Li7)Be7J or 

.12      7 
C" (Iff^rOEIe . If one replaced the photon tny an electron (uhich 

acattera in the interaction), these expressions would also display 

valid examplea of electrodieintegration processes. In any ev/entj 

the disintegration cross sections can be measured if one detects 

the radiations emitted in the decay of the heavy fragment. For 
11     13 

example, the product nuclei C"" and l\l  decay by positron emigfeion, 

au shown by the equations 

c11. 
.13 

B11 +?*+ V 

and , (\!J-'-^ C13 + (S^ + i/. 

Fallowing its emissicn the positron snnihjlates with an electron; 

this leads to the appearsnce of two 511-Keu photons which may be 

7 
deteuted. Similarly, the heavy fragment Be decays by electron 

7 
capture to ths final nucleus Li according to one of the equations, 

a + Be' Li    +   jr 
7* 

Li  + jr 

(89.68%) 

e_ + Be' —^ Li' + JT (ID.32%) 

L-^Li7 + T (^77.3 Hev)» 

7 
One notes that in ID.32 percent of the dscaya the Li daughter 

nucleus is left in an excited state. The 't77.3-Kev gamma ray 

which results in the subsequent de-excitation of Li  provides one 

7 
with a means of determining the number of Be nuclei that were pro- 

duced in the primary disintegration. 

11 
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II.     EXPERIMENTAL  DETAILS 
i 

A. The Accelerator System 

The source of  the high-energy electrons for this experiment ; 
i 

was the 120-MeV/ linear accelerator at the Naval  Postgraduate 

School. This machine provioed primary electrons tuith an ensrgy 

12 
of 75 MeU and an intensity of 5xlG  electrons per second in a 

beam uith diameter of about 3/a-inch at the nollirator. After the i 

collimator the electrons entered the first deflection magnet and 

were deflected through 3D degrees from the accelerator axis. In 
i 

this way the neutrons and bremsstrahlung photons produced in the :• 

accelerating structure could be removed from the electron beam. 

The deflecting magnet and the energy slibs following it determine 

the primary electron energy. The energy slit width defines the 

uncertainty in the electron energy; in our experiment this uncer- 

tainty was i  1 percent.  Following the slitj,the beam finally 

passed through the focusing magnet which bsnt it another 3D degrees 

into the experimental ars&., in which the bombardments occurred. 

B. Monitoring of the Primary Beam 

A secondary-elBCtron-emission monitur was instolled at the 

end of the beam tube., after the focusing magnet,, but ahead of ths 

target assembly. The current produced in '••his S-foil monitor was 

permitted to charge s capacitor of known capacitance. Measurement 

of the capacitor voltage by means of an integrator circuit then 

enabled us to determine the total electron charge that had passed 

through the monitor and into the target. The monitor has an 

efficiency of 0.05 and an accuracy of 10 percent. Fluctuations 

12 
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in beam intensity uiere not recordBd. IIJB did, houevBr, nats the 

periodo in uhich thB baam failed Bntirely. During tha actual 

"on" parioda the av/Brage beam nurrent wae aaauniBd to bs oonatant. 

This assumption laada to somB arror in raaults for tha ahort- 

liMBd  C  product nuclei. 

During bombardmant ths alactrcn beam uiaa visually obaaruBd 

by use of ramotB talBv/isinn. A ZnS screEn uaa placad in front of 

aach targat. The baam spot produced on this screen was observed 

by the operator as a maans of steering thB bsam and focusing it 

on the centsr of the targat. 

Co  Target Configuration 

Nuclei of the dlamants carbon, nitrogBns and oxygon wara of 

intereat aa targets in this expEriman^, Tha carbon targets were 

made of apectral grade graphite* of 99.9% purity, 1,586 g/cm 

\ danaity. machined into diaca of ü.973~inchNdiamBtBr and G.200-inch 

\ thickness. During irradiation tha electron beam was incident on 

each disc along its sxis of symmetry. >. 

The nitrogBn nuclei uare bombarded in a targat onmalaminB, 

i.lV C^HpNj., an organic compound with moleciilar weight 126.1\gramB per 

mole. The targst material uaa in the physical form of a ^ina 

cryatnlllne pouider of dansity 1.107 g/cm and 97 psreant purity.** 

The melamina uiaa tightly packed into an aluminum Eilloy (typa ÖD61) 

containar uhich held the poiudBr in an 0,8S6-inch diamatar by \ 

\ 

Manufacturad by Union Carbide Corp., Carbon Products Div., 
Nöiii York, IM.Y. 

*$:.    Manufacturad by Eastman Organic Che-nicala, Rochaater, l\l,Y. 

\ 

:■".'■ 
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D.2D0-inch thick configuration. The samples usre irradiated ujith 

the discs coaxial uith the beam centerline (Fig. 1). Each target 

was cooled to present melting or sublimation of the material. 

Gxygen nuclei were bombarded in a target of distilled water 

enclosed in an aluminum alloy (type 6061) holder which contained 

the water in a configuration 0.75 inches wide, 0.75 inches high, 

and 0.25 inches thick in the direction of the electran beem (Fig, 

2). The water was not degassed prior to irradiation» It was 

cooled during irradiation to preuent vaporization. 

In order to cool the melamine and water, these target holders 

were mounted on an aluminum support which was part of the moveable 

target frame. The base of the support was inserted in an insul- 

ated flask filled with liquid nitrogen. Thus the heat generated 

in the target by the electron bombardment was conducted downwards 

and diaaipated in the liquid nitrogen. There was no apparent loss 

of melamine or water during irradiation. 

D.  Bremsstrahlung Production 

Accompanying the electron beam in the target area of a linear 

accelErator aru some unavoidable bremsstrahlung photons. These 

are produced in all material through which the high-energy elec- 

trons pass, including the target itself. In our experiment the 

following items wera present as brömsstrahlung producerö in all 

irradiations: tha window of the electron bs'am tube and the foila 

of the secondary-emission monitor, 0.152 mm of aluminum; an 

aluminum foil target for a simultaneous experiment,. u.liB^mm;.' 

the air between the and of the vacuum pipe and the target, 63*5 cm; 

a ZnS layer, 0,051 mm, deposited on an aluminum foil, 0.058 mm. 

' 
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The uater and melamine targets contributed additional material in 

front of. the actual target materialo The upstream walls of the 

holders mere 0.367 end 0,438 mm, respectively, of type 6061 

aluminum alloy. This is composed of 1,0 percent magnesium, 

0.6 percent silicon, and 0.25 percent each of copper and chromium, 

alloyed with aluminum. The radiation thicknesses of the holders 

are reported in the third column of Table I, The radiation thick- 

ness of half the target itself is tabulated in the fourth column. 

For all samples irradiated with the copper radiator "in" a sheet 

of oxygen-free, high-conductivity copper, 0.792 mm thick, was 

mounted directly in front of the appropriate target» This inter- 

posed an additional 0,0550 radiation lengths of material. 

TABLE I 

Radiating Material Thickness 

All thicknesses are in units of radiation lengths 

Sample 
Extra 

Radiator 
Target 
Uall 

Target 
Body Total 

Irradiation 
Time (sec) 

Total 
Charge 
( /MCOUl) 

1 

Carbon 1, in - .00939 .07189 4,680 248 

Carbon 2 out - .00939 ,01694 7,620 314 

Carbon 3 out - .00939 .01693 9,540 433 

Mel, 1 in .00495 .00687 .07432 6,900 401 

Mel, 2 out .00495 .00713 .01958 10,500 413 

Water 1 in .00415 .00922 .07587 12,840 521 

Uater 2 ::, out .00415 ,00922 .02087 11,790 561 

Table I also lists total irradiation time and accumulated 

charge for each sample. The carbon-2 and watBr-2 samples had 

16 
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"beam off" interv/ala during their irradiation. Thaaa intarrup-: 

tiona ware, of couraa, taken into account in the calculation of 

the opoaa aactiona for the nuclei involved in these sarnplea., The 
p 

method for doing this will be discussed in Chapter III. 

J 

i 
J .'• -• 
;3 

), 

E.  Detection System 

After bombardment, each sample.was removed from its holder 

and placed in a polyethylene bottle with an inside diameter of 

0.980 inchaa and a 0.047-inch wall thickneas. Each bottle was 

than aaalad with epoxy resin to prevent spillage or evaporation 

of the sample, or contamination of the counter house. In the 

water bombardments, however, an additional step was taken. 

Crystals of Bel\IO, were added to the water sample, prior to its 

removal from the target holder. This causes an exchange between 

9 7 
the Be ions and the radioactive Be adsorbed to the container 

7 
walls and allows a more complete transfer of Be into the bottle. 

The counter-house waa conatructsd of standard 2x4xa-inch 

lead bricks which ware stabked to form a base, walls, and top each 

of 6-inch thickness. The inaide well i(jaa 20x20 inches by 24 inches 

high. An axS-inch access port in the top was covered during 

counting by a 6-inch lead cap. The scintillatidn crystal-photo- 

multipliar tuba was mounted in a holder centered on the baae of 

the counter-houae well with the crystal face pointing upward at 

a height of 11.5 inches above the bottom of the well (Fig. 3). 

The holder which fixed the position of the eample bottle during 

counting was fabripated of 1/Q-inch lucite sheet supported by 

three lucita rods. This assembly was placed over the counter in 

17 
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such a uay that tha base of the sample bottle came nearly in con- 

tact with the tube face, providing the maximum counting efficiency, 

The electrical equipment associated with the experiment is 

shouin in a block diagram in Fig. 4. The neunter used uas a 

Harshaw Type 12S12 "Integral Line" Assembly which employs a 

cylindrical IMaKll) crystal 3 inches in diameter and 3 inches 

long coupled to an RCA type 8054 photomultiplier tube. The 

■ remainder of the electronic apparatus and the photomultiplier 

tube base circuit are diEiussed in Appendix 1. 

Preliminary experiments,, not here reported, established a 

requirement for close scrutiny of the gain and voltage stability 

of the system. A: reliable method of minitiizing the effects of 

troublesome gain shifts was finally achieved using the essentially 
j 137 

constant activity of a Gs   source. The source, a smal] amount 

'of Caßl—ofi a coppsr disc, was mounted in a holder that BnabledliLt 

to ba placed in the same identicjl spot over the counter for each 

calibration. 

The amplifier gain-setting procedure was then daterroined as 
l 

■ follows. The tube high-voltage being set at IIGD volts, the 

amplifier gain was adjustqd so that the 6G2-Kev photopeak maxi- 

mum of the cesium spectrum fell in channel 339 of the SlZ-channel 

pulse-height analyzer. Uith the internal gpin of the analyzer 

already properly adjusted at this point, the 32-Kev barium x-ray 

line then fall in.channel 16, as shown in Fig. 5. Pulses from 

a mercury-switch pulser were then applied at the amplifier input 

terminals. The pulse amplitude was adjusted so that the amplifier 

output pulses would fall into channel 320, at about half-maximum 

19 
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on the iDw-voltagB edge of the CRBium phatopeak. The integral 

diacriminator of the single L annel analyzer uas then set to just 

cut off the pulses that uould fall into channel 320, kiith this 

diacpiminator setting, 7.it3 volts, and with the analyzer in the 

multi-channel scaling mode, the cesium activity uas measured to 

be very nearly 10,000 counts in 16 2/3 seconds when the gain was 

at the deaired level. Small variations of the amplifier gain or 

counter high-voltage, on the other hand, would cause large changae 

in counting rate from the cesium calibration source. 

The technique for subsequent gain settings wss vsry simple. 

The cesium calibration source was put intc position, the discri- 

minator was sst at 7.48 volts, and the high-voltage was set at 

1100 volte. The amplifier gain was then adjusted until 10,000 

counts appesred in 16 2/3 seconds. In this way the gain of the 

system was fixed relative to the discriminatDr setting. The 

sensitivity of the technique csn be seen from the slope of the 

gain curve shown in Fig. 6. 

7    11 
Since the Be or 0  rsdiations occur with lower energies 

137 than those from Cs ' , it was necessary to chooas a lower discri- 

minator setting when detecting these radiationa. For this we 

used a diacriminator setting of 4,50 volts, surficient to cut off 

pulses in all channsla below channel 192. This is tc be compared 

7 
with ths position of the 477-l,iev Be peak the maximum of which 

occura in channel 241. 

The overall dead time of the system was measured by using 

137  '  ' ' ' 
two Cs   sources of nearly equal intsnaity^ and fDllowlng the 

technique known as the two-eource method. The dead time was 
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found to be 2.38 microsBcands far the multlchannBl-scaling moda 

of the pulaa height analyzer and for a minimum discriminator Bat- 

ting giving a cutoff at about zaro KBV. ■■ ■ ■ ■ 
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III. DATA REOUGTIDN 
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A«  Yield of Radiaactivs Nuclei 

i,    i. i J 

■ptu.j 

In the couraa of the bombar^imBnt of a given target, radio- 

active fragmente uiera produced either by real, photons or by the 

electrtins themselvee interacting with the original nuclei. To 

fenable us to determine tha croea aectian for each of theea 

prncesaea SBparattly, UJB irradiated two samples of each type, one 

with a coppar radiatov in advance of the target, the other without 

the radiator, fly performing a subtraction of one result from the 

other, we were thus able tn aaparata the photon and electron 

effects. 

Consider the number of radioactive nuclei produced in a tar- 

get by the bremaatrahlung from an alsctron which has passed 

through one radiation length of material. Suppose that the 

resulting photons then fall on a target of one atom per unit area, 

producing a cartain number of radioactiva fragments (one per inter- 

action). This number, the ao-callad phftoyield, is given by the 

expresslun 

CD 

Hers S^,(k) and E^ srs rsspactivsly the cress section and thres- 

hold ansrgy for the photodlsintegration procsss, and |C£ ,2,k)dk 

la the bramsstrahlung number apsotrum. This gives the number of 

photons of energy between k and k+dk produced in one radiation 

length of material. The bremsatrahlung spectrum will be disouaaed 

in detail in eection C of this chapter» 

2k 
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The yield of radioactive nuclei produced in a target of Oiie 

atom per unit area by tha electromagnetic field of the electron 

itaelf is seen to be numerically equal to the electrodisintegration 

cross section,* Thie givea the equality 

YÄteJ= o^^o) (2) 

in Uihroh  E ia the electron energy. One notes that the ^ight aide 

ia implicitly multiplied by N=l atom per unit area in order that 

the equaßion may have dimensional consistency,. 

EL  Derivation of Cross Section Equations 

The rate of change of the number of radioactive nuclei in a 

target during irradiation is seen to be 

tu 

in which the square bracket term is the rate of production and 

the last term, -^n, is the rate of decay of the produced fragments, 

In the above equation ^ ie the decay constant of the radioactive 

nuclei, n is the number of radioactive nuclei present at any one 

time, I(t) is the intensity in electrons per second of the 

electron beam as a function of time, l\l is the number of atoma per 

cubic centimeter of the target^ and T ia the target thlckneea in 

centimeters. Rewriting equation (3) by using the definitions of 

equations (1) and (2)/ one obtains the equation 

^+jn= Nrfyt(e.)+xK(eo)ji(i) (4) 

25 
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hno 

The term XYT (E ) an the right side of equation (.k)  should actually 

ba represented by the sum 

X hr C £<*) — Z. Xi YTL (^* * 

.' ...CJ-; ^ 

(5) 

to allouj for slightly differing shapes of the bremsstrahlung spectra 

|(E ,Z,1<) arising from the different radiating materials in the 

beam. However,, the tuio extreme examples of radiator materials 

used in the experiment, hydrogen and copper, have photon spectra 

differing by ten percent at most, Ue can thus take the photoyield 

integral for copper to be appropriate for the yields due to photons 

from other radiators aa uall. The total error in doing this uill 

be considerably Ises than ten percent when the cross section is 

properly folded in,, The right side of equation (5) then reduces 

to a sum over radiation thicknesses multiplying the photoyield Vdue 

to photons from copper« In uhat folloufa uo shall take X to be a 

sum over radiation thicknesaas of all the material in the beam; 

Y^. shall be the photoyield appropriata to copper. 

It 
Multiplying equation (4) by the integrating factor e  and 

integrating over time, we obtain the number of radioactive nuclei 

present at the time t? at which the irradiation ceaeed, 

-^r-t) 
(6) 

If the nuclaua decays by one mods only, the activity at time #' 

will be 
tt 

(7) 

2G 



or 

ßo^J^rlYj^^JYr^JimJe'^^Ji . (a) 

We naxt define the total yield per electron for a beam pasaing 

through material of total thicknese X redia-iion lengths folloujed 

by a target composed of one atom per unit area by the equation 

%(&}+>(%.($)* Urfcu) (THt-*)^ H/t (9) 

The total yield ia now in terms only of quantities which nan be 

measured directly in the laboratory« Suppoae we let the radiation 

thickness of the copper radiator be X and that of all the other 

material be X.. The total yield for the irradiation made with the 
ü 

additional rediator in place ia then 

%(?o)*(Jy--tf)
s<x{e.)* ii',. 

Without the radiator the total yield is 

(10) 

^^)+^lC/^)=^. (11) 

The aymbole H-, and R9 repreaent the right side of equation (9) 

with the appropriate experimental quantities substituted. Sub- 

tracting aquation (11) from equation (.10) one obtaina 

;.,.• I ^K/ß)"^-^. (12) 

■ ■ .; 
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Ideally, one would nouj return to equation (1) and solv/e for 

6^.(k). Tliia ia^-houiever, not entirely feaaible at this point* ^ 

To aolve for (J^Ck) requirea tbe unfolding of the bremaatrahlung 

9t3ectrüm to determine exactly which photon produced what inter- 

actidnf, : This la a time-consuming procedure at beat ■'arid waa not 

attempted in view of the limited time available to do. Inatead, 

wa computed an av/erage croaa aaction, a-(E ), which ia defined from 

T, K!-< 

<¥fe-J = (13) 

In equation (13) the denominator repreaenta the average bramsstrah- 

lung energy produced when an alactron paaaea through one radiation 

length of material. üJhan the denominator ia divided by ED it 

provides an "equivalent number" of photana of energiy E produced 

per radiation length. Uaing equation (1) and (12), one obtalna 

finally 

ah) 

■■.a p:,.     •: 

Equation (14) statea the photodlaintegratlon crOBB eectlon per 

equivalsnt photon in terms of meaaurBd quantltiBÖ. '  : '■ ' 

,.,, Tha BlBCtrodisintegratloncrasB SBction, ÖlCEn)? can also bs 

calculatBd from tha axparimantal yislda R, and FL. By using 

28 
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I 
equationa (11) and (12) one obtaina the expreaalon 

<s;te)= Ye ($):&-&-(?,-Z). 
The right sida of thia equation is stated in terms only of 

maaaurabla quantitiea,' 

(15> 

i 
•i 

I 

C.  Bremsstrahlung Spectrum 

In our inveatigation of the photodisintegration proceaa, ue 

produced a known artaunt of bremeatrahlung by placing radiatora of 

given thickneaa in the electron beam. Although a little of the 

radiating material waa aa much as sixty centimeters from the target, 

the greater portion mas in close proximity to it. It thus senms 

to us that essentially all of the bxemastrahlung produced paasBd 

through Ihi^ ^target. That this is a reasonable assumption may be 

seen from the discussion by Heitler Qs]. This shous that the 
2' 

mean angls of erniaaion of bremsstrahlung is of the order ■ 

radiona with reapect to the beam direction. In our case thia is 

an angle of G.39 degrees. Hlearly, most of the radiatfton is very 

nearly in the foruard direction, 

in calculating the photon spectrum we used the differential 

bramsatrahlung croas aectinn —ra-— obtained from the paper of 

Koch and Motz [?}, but modified to include the scattering effect 

of the atomic electrons» Wa used two different forms of these 

equations, appropriate for two separate regiona of values of the 

acreaning paramater TT defined by the expreasion 

(16) 
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The relatianship betuJBBn the Koch and Motz  differential crass 

SBctiana  and our  bremastrahlung  number spectrum ^(E_,Z»k)  may  neu 

be written in  the  combined form 

dd^ foi --^-^P^MOm-H^^iA). 

Here the function (|(E   ,Z,k)  has  the form,   for 0 <')r>< 2; 

(18) 

or,  for 2 <T<15, 

In the above equations j ia a parameter by meana of which brems- 

atrghlung produced off the atomic electrona ia included. The other 

2   2 quantities are the claaaical electron radius, r =e /m c , and the c   o ' 

final energy of the scattered electron, E=E -k. Ualuea of the 

functions 0,(T), 02(T), and c(T) were taken from graphs in 

reference [?]. 

Ue note that the radiation length of a material of atomic 

number Z,   atomic weight A, is 

/37 /? * > si. 

[• "^ 
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The cross ssction for brsmsstrahlung production is then found from 

equation (1^)  to be 

^±±$(^.1) (21) 

When an alBctron of energy E passBB through a radiator of 

thickness T, composed of (\l atoms per unit volume, the number of 

photons produced with energy betuaen k and k+dk tuill be 

= )($(&, It^AJk. (22) 

Here uie have put IM= T o/A and X= I /X , the latter being the 

radiator thickness in units of radiation lengths. In all the 

calculations we used vslues of the radiation lengths X given by 

Bethe and Ashkin [a] . The valuee of X used far the principal 

radiators usre as follous: 58 for H, 42.5 for C, 23.9 for Al, 

12.8 for Cu, 36.5 for air, all numbers in units of g/cm . 

Figure 7 shows the intensity spectrum, k|(E ,1^%  for brsms- 

strahlung from copper and carbon. 

D.  Equivalent Radiator Thickness 

Another quantity of interest in an experiment using electrons 

as projectilee is the equivalent radiator thickness, designated 

as X radiation lengths. This is defined as the thickness of 

radiator matbrial necessary to produce real photons in sufficient 

quantity to give the same disintegration yield in the target as 

that produced by the electrona themselves. The quantity X pro- 

• ■•■ ■ . ■ ■■■ 
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vidBB a conxiBniF.nt parametBr UBBful in camparing the diaintagration 

affects of the virtual phatona of ths alBctron fiald with the 

sffBcts of real bremastrahlung photons. 

Using ths equivalent radiator thickness, one may define the 

yieltL-from electrodiaintegration to be 

J4 
(23) 

This is identical with equation (1) except for the presence of the 

factor X . Using this definition, along with equations (11) and 
6 

(12),  one obtaina the equivalent thickness, 

ä@   - 
-r- ^a 

(2^) 

stated in terms only of measurablB quantitiBS. 

E.  Calculationa for Nitrogsn 

Melamine contains both carbon and nitrogsn, aach of which 

7    11 contributas Ba or C  disintegraticn fragmsnts. The calculation 

of the nitrogßn disintsgration cross sections from measursd mB',aminB 

yialds thus requirea the subtraction of the carbon affects. Ue 

defina a diaintagration cross saction for ths mBlamine molecule 

as a aum of the cross aactiona of its constitusnt atoms. From 

this wo find tha nitrogsn croaa saction, applicable in form for 

either photodisintagration or electrodiaintegration, to be 

^ = i(^-^<h 
h:,     ::..-,. If:      S.l I I I . ■'■ ■   . 

(25) 

3,i -UKO 
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Radianuclide IdentiFiCBtiDd       ' ■ ' 

The tuja primary radianuclidBB of interest in this experiment, 

the prevalent radianuclides decaying. At this point the spectrum 

mas scanned for sv/idence of pther radiations beeides the Sll-Kev 

7 
positron-annihilation photons or the V77-Kev Li gamma rays. In 

no case were other radiations present in sufficient quantity to 

be observ/ed. A typical pulse height spsctrum is given in Fig. a, 

which shouis the annihilation photon peak from the C  decays in 

a typical carbon sample. 

The second end subsequent pulse-height analyass uere mads- 

for each sampls at a later time when the only decay observed wee 

7 
that of Be , which produced 477-liiev quanta. An example of this 

7' 
ic shown in Fig, 9, which displays the Bs decay spectrum for a 

water sample. 

The IM  decays were obssrved in the water samples but not 

in the melamine. The sssming absence of IM ' in melamins was 

incurred by nscassary delays in the counting of these samplsa. 

The C  activity in the melamine was sufficient to saturata the 

counter system. After this had abated sufficiently to enable us 

3h 

The melamine and carbon croes sections, ÖU/ipi and (Jl» respectively,        | 

v are to be obtained either from equation (1^) or from equation (15) 

and the appropriate measured quantities. 

Be and C , and a third which was observed, i\i /.;  were identified 

by means of both energy-spectrum and half-life maasurements. For , 

eacfi sample a first pulse-height analysis was made during the aarly 

stagea of decay when C " and, in the case of the water, IM  were 
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13 
to make a meaaurement, the remaining N  activity was too weak to 

be noticed in comparison with the remaining C  activity. In any 

13    11 case, if both IM  and C  were prtesent in a given sample, the 

actual aeparation of these activities uaa performed by the computer 

program. 

G,  Efficiency of Counting 

The counter efficiency mas calculated on the baeis of purely 

geometrical conaideratitjnls using a technique due to Heath fs). 

In this method any photon intsraction in the counter crystal ia 

assumed to cause a detectable pulse. The stated efficiency is thus 

a measure of the probability that a photon entering the crystal 

will Cause a pulse someuihere in ths spectrum. If, houevers only 

those pulses which are in the photopeak are accepted, as in our 

case when an integral discriminator was used, a method of deter- 

mining the ratio of counts under the peak to total counts in the 

spectrum must b«3 devised. For these "peek-to-total ratios" we 

7 ll 
simply ueed ths numbers 0.653 for Be and 0,630 for C  obtained 
i 
from the data of Heath for a source placed 0.5 centimeters from 

the counter. Tnese rstios were obtained under the conditiona of 

very good geometry (no back-scattering) which also apply to the 

efficiency calculation. 

The total efficiency calculatioipy for a thin disc source on 

the axis of a cylindrical counter is discussed more fully in 

Appendix 2, Considering a thick target to be composed of a sum 

of thin discs, one obtains th3 following mean cfficisnciea: 0,287 

for the carbon aamplee, 0,261 far melamine, and 0,257 for water. 

These are the effIcienciea ueed in our calculations. 
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Lie may nau aaseinble the v/ariaua relevant factora into one 

expraaalan from uihich the true activity  is to ba calculatedj 

T     , 

£ = E 
(s   I h 

(26) 

Here A ia the maaaured activity in the phatopeak (aaaumed equal 

to the number of pulsea uhich paaa the discriminator in unit time), 

£ ie.tha counter Bfficiancys P is the paak-to-tatal ratios and 

S coyrecta for aalf-abaorptian in the aource, .The. lattar .ujas 

determinad axperimentally by meaauring the efficiency with carbon 

137 
dlsce inaarted batuiaen a thin Ca   aourca and the datectcr» The 

factor S uiaafpund to be no lees than 0375. In addition, foi? the 

poaitrun annihilation meaauramanta UJB divided A by 2 to take into 

account the fact that two photons are emitted iri.thi0-PracaaB, , 

Ho  Calculation of the Activity        , ,.. 

i The activity of the aamples at tlms "t*, tha inatent whan , 

irradiation caaasdn waa obtained from a asquanca of activity .„,: 

mBBauramBnta mada at varioua latsr timaa. Tha raw data of, thaea, 

activitiss end the times at which they wera. maaBurad waa.prpcBaaed 

by a;computer program deölgnated FRANTIu which waa written by, 

Rogers [lQ]  for computers uaing a FORTRAN oompilero. The prpgram. 

corrects the xaw data for backgrcund activity,.cauntürayatBrn 

dead time, and any uncartaintias in theaa quantitiaa, It.than ,. 

fits one or mora exponential.decay curves to the corractad activity 

points by the method Gf laeBt aquareE. The ,decay constant and 1;.hB 

Initial number of nuclei being the parametarsiithraugh.which;the.;; 

fit IB made, thssB quantltipe, and tha atandard, daytation ,af iBacti, 

V':; 
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are the output information from the program. For' mixturaö bf 

simple activities the program fits the longsst-lived activity firats 

progrsssas to the next longest, and so on, giving values for each 

of the decay constants and initial actiMties. 

I.  Error Analysis 

Precise analyaia of the errars in the reported quantities 

preeenta formidable difficulties; it will not be attempted here. 

Instead ue shall merely summarize the statisticsl and instrumental 

uncertainties as ue have estimated them; 

The activity A . perhaps the most interesting quantity that 

/ waa measured in the experiment, is known with a reaaonable precision^ 

Even so. A„ involves the statistical uncertainties in the individual ' o 

courts, mostly less than D.5 percent,, the errur in the fit to the 

data, ueually less than 1,0 percent, and the uncertaintiea in the 

detector apparatua. Gf these, the 5 percent uncertainty in the 

dead time measurement will contribute a neglibible error for meet 

of the measurements. Of moreiTimportance, the uncertainty in total 

efficiency of the counter may be as much as 5 percent^ in the 

peak-to-total ratio about 5 percent, and in the self-absorption 

factor another 1 percent. Were one to consider these uncertsinties 

as normally diatributed (a highly suspect assumption), the total 

error in A alone would be about 6 percent. 

To obtain the cross sections, however, one must know both the 

amount of material in the beam and the current of bombarding 

electrona with aome precision. For the former, we believe the 

error made in meaauring radiating material and target thickness is 
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leas than 1 parcsnt, except for the melamine target where,5 percent 

ia perhapa more appropriate. The error made by aaauming the copper 

bremaatrahlung apectrum to be, v|lid for all the radiatora incorpo- 

rataa perhapa another 1 percent of uncertainty. The determination 

of the number of bombarding electrona ia, houiever, highly uncertain. 

In the firat place, the abaolute efficiency of the aecondary- 

amiaaion monitor ia uncertain to about 10 percent. liJorae yet, the 

integrating circuit jLnterpoaed an intermittent leakage current the 

magnitude of which uaa known only to within 20 percent, at beat. 

Thia giv/es a total uncertainty of meaaured charge of ae much aa 

10 parcent. Coupled with the uncertainty invtHa monitor efficiency, 

thia may lead to an error aa large aa 20 percent in. the abaolute 

value of accumulated charge. 

When all the uncartaintiea are added together, by whatever 

apecific technique, it ia eaay to imagine a total uncertainty of 

30 percent in the measurement of a given yield. Since the final 

croaa section calculation involvaa a difference of yielda, however, 

the error in tha cross ssction for carbon or oxygen may be aa 

large aa 50 percent. Still more "incomforcabfc the nitrogen 

calculation involvea subtraction of the carbon yield from that 

for malamina. The error hare may be aevaral hundred per cant. 
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IU. RESULTS 

>'■   The final cross sections that are rsportsd in this chapter 

are baaed on the experimental data set forth in Table II belou. 

The quantity listed in column 3 of the table is the integral 

stated in the denominator of equation (9) in Chapter III. It is 

cslculated here for the C  measurement only. The uncorrected 

activitiea stated in columns b,   5,  and 6 simply list the counting ., 

rate at the time the irradiation ceased. These are the rau output 

data of the computer and are based on the actual counter output 

corrected only for dead time and background. Other data concerning 

radiator thicknesses and total accumulated charge uere taken from 

Table I in Chapter II. 

TABLE II 

Experimental Data 

Thickness Current 

NT Integral 

Tarns i; (1022 cm-2) (1016 el) 

Carbon 1 4.00 1.091 

Carbon 2 iH13 0,882 

Carbon 3 k.02 1.010 

Mel. 1 0.263 1.270 

Mel. 2 0.273 0.870 

Water 1 2.22 0,900 

Water 2 2.22 1,180 

Uncorrected Activities 
^11 Be N 13 

(105 ct/s)     (ct/a)   /<10^ ct/s) 

60.7 

20.3 

25.3 

17.0 

5.16 

D.if06 

0.221 

20.3 

10.4 

14.3 

9.48 

5.30 

2.69 

1,20 

7,46 

4.35 

Th° electromagnetic diaintegration cross sections for the 

formation of the unatable nuclei C , Be , and N  from the various 

M 



target nuclei are stated in Tables III8 XW0 and Up respeGtivaly, 

in units of micrübarns.p The p|hptDdiaintegratiDn craea aection,,,-- 

g-, appearing in the aecond column of the tablea iaj of;CQursBj^ni 

the average croas ssction per equiv/alent photon» In calculating: 

this quantity, ue ussd the value  67oD MsU for the' intagrated 

photon intensity spectrum arising from electrons of primary energy 

75 MBU« ;. From this one obtains on the avsrage Q.BSk  equivalent 

photona of energy 75 MeU for each electron that panatratea one 

radiation length of matter. 

TABLE III 

Total Crosa Section .'f or Fasmatlon of C 11 

orB(^b) a s 
c/b)   5,^ 

323. 

133 

12.1 

17.5 

7.71 

Q.32 - 
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TABLE JU 

Total Croae Section for Formation of Be' 

<r(/*b)       sr(/-b) 

SB.6 

7.95 

8.67 

crB/q"e 

53 

7.6i 

62 
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TABLE U 

Total Gross Section for Formation of l\l 13 

Nuolaus■ <^(Ab)     ^aV^ 

Dxygeii 31. S 0„2if 132 

Gns should note that the pTobable error in these cross sections 

may well  be in excess of 50 percent. It is thus not reasonable to 

expect detailed agreement between the numbers and any other pub- 

lished results that fall in the same domain. Even so, our results 

are internally consistent to the extent of displaying proper trends. 

For- exemple, the cross sections for both types of disintegration 

processes fall off with increasing Z of the target nucleus. This 

is to be expected oh the general grounds that any particular 

process has a smaller probability of occurrence when the possible 

number of processes increases, as in heavier targets<> Ule note also 

the general consistency emong the rstios of photodisintegration 

to elBctrodisintegretion cross sections for the various nuclear 

targets. 

On the other hand, agreement with the results of gather experi- 

menteSris indeed very poor. The experiment of Barber et al. \XJj 

•'■ 12      11 
on the C (y,,n)C  reaction determined the activation cross 

section to be 2,2xl0"2' cm^ for bombardment with x-rays of 75-MBU 

maximum energy. Thia cross section is analogous to our photo- 

......        —2fl ? 
disintegration yield^ Y^ , for which we found the value 6.5x10  cm'., 

which differs by a factor of 3,k  from Barber's result. In 

another experiment involving C  production, Barber [sj found the 

ratio Öfa/tf^B to have the value Ik.k,   a factor of 3.3 lower than 

our result. 
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In the caae of procBases leading to the prDduction of Be 

our raaulta agree but little better uiith. the publiahed v/aluea of 

other groupa of experimenterao Artua jV/ atataa that the phote- 
n 

diaintegratlon oroaa aaction <Ja for the Be praceaaea out of 

carbon and axygen have valuea of 143 and 12 micrabarna, reapec- 

tiuely, for x-raya with maximum enargy of 55 MeW» Our valuaa for 

theae quantiti^a are louer by faotora of about 2 for raaaona 

unknown to ua« Our eleotrodiain.jgration oroaa aectiona for Ba 

proceaBBB muat, howavBr, atand alons without compariabn with 

othsr work, aa muat tha nitrogen photodiaintagratipn oroaa 

aaction, ' l\lo othsr publiahsd rsaulta for thaae quantitiaa BPB 

known to ua. 

In Table Ml  are liated the IpquivalBnt radiator thicknaaaaa 

X which arias from compariaon bstwesn the sffscta on tha diain- 

tagration procaaaaa of tha rsal x-ray apactrum and tha virtual 

photon1 apBctrum of the elac^van  fialda, tha antriaa in the tafala 

BEam to be in rBasonablyi good agreament with the approximate ' 

theoretical valÜB X =10 OC/TJ =0,023  radiation langtha in all 

;■ 

! ,. , ) 
'casea Bxöept that of nitrogsn., 

A   -■ s'.' ■':■ 

', ;'.Jn-f '.  :■ 

TABLE l/I 

Equivalsnt Radiator ThlcknaaaBa 

■■■, - if.ii Xo (i;adiatiori lengtha) 
iii C r;;i 

Nucleus 11 v 7 
C  procBBB   IBB_ procaas 

: 

n!  .;Muv-../i ■■''■.' 
Carbon 0.0271 0.0195 

■  i , • '!, 

Nitrogen 

Oxygen 

.0108 

,0199 

.1265 
n./!,,■ i n.l 

.0216 
f i u ü y! i. i / 0 

':/;. 
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The large experinantal uncartaintiaa in our work, aapacially 

that involving nitragan, make our reaults only tentative. WBVBJJ»- 

thBlaaa"!. >a can concluda that Be and C  are produced in some 

quantity from carbon, 'hitrogen, and oxygen. Evidence for the 

production of l\l  from osygen is alao unambiguous. The experiment 

must be repeated with greater care, houevei', before the quantitative 

raaulta can lend themslevea to a meaningful theoretical interpre- 

tation. 
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APPEiMDIX I 
j uO , ;: 

UIB shall here dfescribB a fsi/i aspects of the Blactaaütlocircuits 
',' ■ ■''' 

named in the black diagram of Fig. I*  in Chapter II,, Pulses of light 

from the l\!al orv/stal are registersa in a ten-stage RCA 8054 photo- 

multiplier tuba uihich is connectad to the voltage-divioer nstuork 

shoun in Fig. IG below. The circuit was deaigned to provide negative 

voltage pulses having a fsli-time of about 200 microBacondc when 

the davice ia uasd in conjunction with an Ortsc Model 113 prsamplifier 

with P.  5ÜÜ picofarad input capacitor. Such pulses have an optimum 

duration for linear amplification by the Ortec Model 410 amplifier 

to which they are led. 

Output pulses from the linaar amplifier are bipolarf having 
o 

positive End negative amplitudes in the range 0 to ID volts. These 

pulaes uve  analyzad either by tha Wuc.lsar Data Mcj-iel 180 SlS-channel 

analyzer or by tha Ortec Model 420 timing aingle-chanocl analyzer. 

In tha former case the pulsa-he^ght analysis data ara storsd in tha 

memory unit of the analyzer;, Thase data, in the form of counts par 

channel, ars than availabla in an oscilloscope display or in printed 

form frcm a teletyps printsr. 

Most of ths data accumulatsd in the experiment, however, are 

the acaled record of voltage pulses which merely had an amplitude 

larger than a certain minimum^ In thia case the Ortec 420 single- 

channel analyzer dincriminateri between pulses of different amplitudes,1 

accepting anly thoes greater in amplitude than E, the vnJtage of 

ths intayral diacriminntor setting. Tho output of the analyzer ia 

n b-volt, 0.5 microacond long,, ractar.^ular PI.,1BB for aach acceiptea 

input pulse. These pulses ere then amplifisd to a height of 15 volts 

47 
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by meana of a aalid-Btata amplifier daaigned and built in thia 

labaratory. The raaulting pulaaa are led to the mtilti-channel 

acaling OMCS) input tarminala of the IMuclaar Data 1BCL Hera the 

pulaaa are accumulatad in a given one Gf_ the available 512 channela 

of the analyzer. In thia made af uae, the MCS mode, the analyzer 

accepte and regiatera in the aalected channel all the pulaes 

having an amplitude of 15 volta, Idhen counting into one or more 

Dhannala. haa been complated, the information in the varioua 

channela of the memory is available through the output devices 

mentioned before. 

Selection of the particular channel used for atorage ia 

accompliahed aequentially by a timing circuit operating with the 

trigger circuit shown in Fig, 11, The timing circuit determines 

the dwell time in a given channel. This is done by counting a 

pradBterminBd number of 6D-Hz, 115-volt line pulses by means of a 

Technical AaaociataB Model DS-58 scalar used in its "TeBt" mode. 

Whan the aalactad number of pulaes has been counted, the acalar 

output terminal voltage undargoea a step change of -80 volta, 

which firaa the trigger circuit, causing it to send an S-volt pulae 

to the EXT IS terminals of the multi-channel analyzer. This causes 

the analyzer to acala the ensuing input pulses into the next 

channel in sequence. The putput voltage of the sealer then returns 

to its original level prior to commencement of the next cycle. 

The trigger circuit itsalf (see Fig. 11) eperatas through 

the breakdown of the trigger device T caused by a sudden voltage 

drop at the start switch or at the input terminals. The device T 

then acta as a abort circuit, permitting capacitor C to diacharga 

through resistor R, and raaulting in the daaired a!-volt output pulse, 

tt9 
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APPENDIX II 

Efftciency Determination    ■■       , .'.••r.--.--. j; •:>:> -; 

The calculatian of the absolute efficiancy of photon?detection 

for a disc aource on the axis of a cylindrical crystal can be mgda 

uery accurately from purely geometrical consiilerationa. The method 

effectively determines the joint pmhability that a photon will be 

intercepted by the crystal and will have some kind of interaction 

in the cryatal material. For the counter efficiency in this 

experiment ue performed a numerical integration of the equation 

preeented by Heath [9] as follows^ 

(■&)* in?. (&       '   dos fi   hi*® <i& 

.y. -. 

''■ I 

M 

t 

Uc 
(27) 

rf{M)( 8  „ k0 
■) I %iw B   d ö 

^* ■£*' 

uihere 

'/z. 

The square-bracket expressions in the integrals state Ijhaiipro'b'a'blJ.ity 

that the photon of energy k will have an interaction uhen it impinges 

on a thickneee of matsrisl equal to the factor uihich multipliea the 

absorption coefficient "^(k) in the exponentials. The quantities R 

and r are radii of the disc and counter, reapactiv/ely, t is the 

•i 
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crystal length, h la the diatanca from tha diac ta the crystal face, 

0 and ^ are angular variables of Integration, and x the variable by 

means of uhich integration over the disc ia achieved. A/alyes of the 

x-ray absorptian coeffioienta "fCk) for IMaKTl) that ue uaed in the 

calculation were taken from the work pf B. R, White [IZJ,,.,,;,  u, 

Since the aourcea used in the experiment were relatively 

thick, ue found it neceeaary also to carry out an integration over 

the source thickneas in the efficiency calculation. In practice, 

thia uaa actually dona by calculating the thin-diac efficiency for 

the tuo ende and the mid-plane of the cylindrical(Bource. üJe then 

integrated the results by using the bimpaon three-point formula. 

The results of these celculationa for the three different aource 

typea uaed in the experiment are given in T^hle VII^ for uiblch ue , 

determined aource radii according to the follouing considerationa. 

Since the accelerator beam spot wee one-half inch in dianeter, the 

carbon diac received the greater portion of i'je irradiation in the 

central one-half inch; thua the larget percentage, of the;detectable 

gemmae originate in thia part. For the carbon calculation, then, 

the rediue of the carbon diaca uaa aasumed to be 0.250 inchea. 

For the water and melamine aamplea, however, the diac rediua waa 

aaeumed equal to the bottle radius, 0.465 inches. 

I 

t.u 
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Sample 

CARBOIM 

MELAMINE 

WATER 

TABLE Uli 

DetBctor Efficiency 

ov^inchea) 

0.133 
Do233 
D.333 

0.133 
0.305 
OoV77 

D.133 
0.321 
0,508 

Efficisncy for 

disc at a 

0.32488 
0,28597 
0.25382 

0.32060 
0.25824 
0,21237 

0,32060 
0.25353 
G.20529 

Mean 

Efficiency 

0.28710 

0.26099 

0.25667 

1 
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An investigation was made of the 
carbon, nitroger.j- and oxygen leading 
nuclei Ba7 and Oil. Targets of graph 
bombarded with 75-MeU electrons from 
linear accelerator. The disintegrati 
counted by detecting their decay acti 
•ray from its daughter nucleus and C11- 
annihilation of its arnitted positron, 
were separated by interposing an addi 
of a given type of target, then repea 
out the radiator. 

Electromagnetic disintegration of 
to production of the unstable 
Ite, tnelamine, and water were 
the Naval Postgraduate School 
on fragments of interest ware 
vity, Be7 by the 477-KBV gamma 
by the 511-KBV photons from the 
Electron and photon effects 

tional radiator for one bombardment 
ting with a similar target with- 

Radioactive fragments of Be' and C1! were found in all bombard- 
ments; (\|13 uag also found in bombardments of melamine and water« 
Electrodisintegration cross sections for processes yielding CH wera 
found to range from 17,5//h  for carbon down to 0.3 //h  for oxygen. 
the cqrrespcnding values for processes yielding Be^ ranged from 1.3 //h 
to Q.lkflhf     Integrated photodisintegration cross sections were found 
to be approximav.ely 50 times greater than these.. 
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